Origin of ultraviolet (UV) luminescence from bulk ZnO has been investigated with the help of photoluminescence (PL) measurements. Thin films of ZnO having 52%, 53% and 54% of Zn-contents were prepared by means of molecular beam epitaxy (MBE). We observed a dominant UV line at 3.28 eV and a visible line centered at 2.5 eV in the PL spectrum performed at room temperature. The intensity of UV line has been found to depend upon the Zn percentage in the ZnO layers. Thereby, we correlate the UV line in our samples with the Zn-interstitials-bound exciton (Zn i -X) recombination. The results obtained from, x-ray diffraction, the energy dispersive X-ray spectrum (EDAX) and Raman spectroscopy supported the PL results.
Introduction
ZnO is one of the most attractive materials of today's research due to its mechanical, electrical, optical, magnetic and spintronic applications [1, 2] . ZnO is especially preferred on the rest of the optical materials due to its tri-luminescence properties: green/blue, violet and UV [3, 4] . Above all, UV emission from ZnO has brought it in the front line of the biomaterials to be used as biosensors and/or bacteria killers [5] . But the effectiveness of the device is of course, dependent on its quantum efficiency. As of today, oxygen vacancies and zinc vacancies are known as the sources of green and violet luminescence from the ZnO, respectively [6, 7] . But UV emission at room temperature from ZnO has been attributed to several origins: for example, Vladimir et al. [8] assigned the recombination of donor-bound exciton with UV emission from ZnO where donor entity was not identified, Yang Zhang et al. [9] referred the UV peak as free exciton recombination process; Reynolds et al. [10] correlated it with an acceptor related transition, Ü. Özgür et al. [11] and L.L. Yang et al. [12] identified UV luminescence as acceptor-bound-exciton and surface band bending of ZnO, respectively. These scattered and unclear results are not sufficient to ascertain the real origin of UV emission from ZnO, and hence the interest is continued amongst the researchers. In this paper the origin of ultraviolet (UV) luminescence from bulk ZnO has been investigated with the help of photoluminescence (PL) measurements performed at room temperature. A dominant PL peak at 3.28 eV is found in all samples but the PL intensity is higher in the sample having higher Zn-contents. Thereby we correlate the observed PL peak with Zn interstitials-bound exciton recombination. X-ray diffraction (XRD), Raman scattering and energy dispersive x-ray spectroscopy (EDAX) have been additionally employed which support the PL results.
Experimental
ZnO has hexagonal structure where all the octahedral sites in ZnO are empty. These empty sites are occupied preferably by the rich contents and/or point defects during the growth. Keeping this aspect of ZnO structure in view, we deliberately set the growth condition such that Zn-contents in the Samples should be purposefully higher. Three layers of bulk ZnO each having thickness 1.5, 1.3 and 1 micron (hereafter referred as A and B and C) were grown on 3 inch diameter p-type silicon (111) wafers by means of molecular beam epitaxy (MBE). The growth conditions within 0.5% tolerance for samples A, B and C can be seen in Table. 1. EDAX measurements were performed to verify the composition of the as-grown A, B and C layers. Accordingly the atomic % of Zn contents in A, B and C layers were found to be 52%, 53% and 54%, respectively. Characterization of ZnO films were carried out by the following equipment: PL and Raman spectroscopy by Horiba using He-Cd laser of excitation wavelength 325 nm, XRD by PANALytical X'pert and SEM/EDAX by JEOL. All the measurements were performed at room temperature. To avoid the excitation intensity effect in the PL spectra, [15] the incident intensity of the laser source was kept constant for all samples measurements. In the Fig 2, we observed a strong UV peak at 3.28 eV and a broad band in range of 2.36 eV -2.67 eV centered at 2.5 eV. As per information from the literature, the broad band is attributed to green/blue luminescence. The source of this luminescence is identified as oxygen vacancies [3] . The intensity of UV peak associated with sample C is almost three times than that of sample A. Since the PL intensity of the broad band observed in samples A, B and C is the same, the variation of existing UV peaks can therefore be proportionally related with the concentration of recombination-generation centers. A number of reports can be seen in the literature demonstrating the UV emission from ZnO [8] [9] [10] [11] [12] . In view of the results reported in references [8] [9] [10] [11] [12] , it is clear that UV emission is qualitatively related with bound exciton-donor transition. But nevertheless, PL is an elegant and nondestructive technique to characterize the radiative point defects in the band gap of the material, but, none of the foresaid reports categorically speaks about correlation of such defects with their PL results. Keeping this significant discrepancy in the literature in view, we focused on the native defects in ZnO to justify 3.28 eV line in our PL results. Therefore in the following we will discuss the role of Zn i associated with 3.28eV peak. ZnO has hexagonal structure with all the tetrahedral sites are equally occupied by Zn and O atoms but all the octahedral sites are essentially empty, hence there are a plenty of sites for ZnO to accommodate the defects like Zn-interstitials, O-vacancy and/or Zn-antisite, intrinsically and/or extrinsically [16] . Under Zn vapor rich environments Zn interstitials are known to be dominant intrinsic donor defects in bulk ZnO [17] . The thermal activation energy of the Zn i lies in the range of 0.02 eV -0.2 eV below the minimum of conduction band edge as determined by electrical techniques as well as theoretical calculations [18, 19] . Zn i being ionized donor sites below the conduction band at room temperature, act as effective electron traps. The major evidence of this argument follows the n-type conductivity of the material. When a laser beam having energy greater than band gap, is incident on the sample, electrons from the valance band (leaving hole behind) travel to conduction band but are trapped by ionized Zn-interstitial defects located below the conduction band minimum edge. Due to constant temperature, Fermi level is pinned below the ionized states therefore, the trapped carriers must be re-emitted from the traps and subsequently they recombine at the holes states in valence band edge. As a result, photons of energy 3.28 eV are emitted to give out UV luminescence and also phonon of energy 0.09 eV from ZnO layers (E g =3.37 eV). To support our PL results, we performed Raman spectroscopy as well. The ZnO crystal structure belongs to the space group C 4 6v , and the group theory analysis predicts the zone-center optical modes; A 1 + 2B 1 + E 1 +2E 2 (E 2 low , E 2 high ). The A 1 , E 1 and the two E 2 are Raman active modes, while the B 1 modes are forbidden in Raman scattering. A 1 and E 1 modes are polar: their vibrations polarize the unit cell, which results in the creation of a long-range electrostatic field. This field results in the splitting of A 1 and E 1 modes into longitudinal optical (LO) and transverse optical (TO) components, thus creating the A 1 (LO, TO) and E 1 (LO, TO) modes. However, their observation is subject to the incident angle of laser and orientation of the layer. Fig 3 displays Raman spectra of samples A, B and C measured at room temperature using excitation laser 325 nm. We observed E 2 high mode at 437 cm -1 , 438 cm -1 and 439.5 cm -1 for sample A, B and C, respectively. The theoretical calculations by Tsuboi and Wada predicted the frequency of E 2 high mode of pure ZnO to be 433 cm -1 [20] . Huang et al. [21] pointed out that the excess of Zninterstitials in the films shifts the E 2 high upward. In this perception the observed upward shifts in E 2 high frequency in samples A, B and C is correlated with the relative volume of Zn-interstitials therein and hence support the PL results.
Results and discussion

Summary
In conclusion, we have investigated the origin of UV emission from Zn-rich ZnO, prepared by molecular beam epitaxy with different thicknesses. Using PL technique, it is found that the origin of UV emission from ZnO is in fact, related with Zn-interstitials. The remarkable increase in the intensity of UV emission was observed with the increase of Zn contents in samples. Our results demonstrate that UV emission can be enhanced by growing ZnO in Zn-rich conditions. EDAX and Raman data effectively supported our results.
